Abstract: This paper presents a novel forced-resonance microwave technique to detect surface cracks in metal. This technique utilizes a cutoff cavity with a control element and a voltmeter to probe for surface cracks in the metal. Crack signals are detected by using forced resonance from the cutoff cavity probe. In the absence of a crack, the cutoff cavity probe aperture with a shorting plate (short-circuit) can resonate forcefully by adjusting the control element, and the forced resonance characteristics of the cutoff cavity are then probed by a detector (voltmeter) with voltage maximized. However, in the presence of a crack, the forced-resonance cutoff cavity probe aperture, in turn, changes the resonance properties from a short circuit, and the resonance variations are then detected by the detector as the voltage varies. The validity of this method was established by comparing experimental results with theoretical values.
Introduction
Nondestructive surface-crack measurements at microwave frequencies have recently gained considerable importance, with use of these frequencies increasing in industries. Metal cracks and failures usually begin at the surface. Crack detection on metallic structures is very important to the inspection of metallic components. There are several nondestructive testing (NDT) techniques for detecting surface cracks in metal; however, each method possesses certain limitations and disadvantages [1] . Recently, several researchers have attempted to use microwaves for surface-crack detection in metals. Microwave techniques offer certain advantages and have also shown the potential for estimating crack width, depth, and length [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] .
This paper describes a novel forced-resonance microwave method (FRMM) for detecting surface cracks in metals. The detection system is constructed with a cutoff cavity probe having internal posts, a control element, a signal generator, and a voltmeter to detect cavity resonance. In the absence of a crack, the metal surface is seen as a relatively good short-circuit load, and the cutoff cavity with the shorting plate can resonate forcefully by adjusting the control element; the state of the forced resonance is detected by the detector output voltage. However, in the presence of a crack, the forced-resonance cutoff cavity, in turn, changes the resonance properties from a short-circuit, and the state of the resonance variations are detected by voltmeter output voltage that is maximized. This detection method and system are very simple and inexpensive for crack detection using forced resonance of the cutoff cavity probe.
The crack signals are detected by using forced resonance of the cutoff cavity probe. In theoretical analysis to obtain the forced resonance and crack signals, the integral equations for unknown current and aperture electric field distributions are solved by applying Galerkin's method of moments [12] . To confirm the validity of the principles of the new detection method, experimental results were compared to theoretical results.
System description
The geometry and coordinate system of the cutoff cavity probe for crack detection are shown in Fig. 1 . The cutoff cavity probe consists of a cutoff cavity having internal posts, a control element, and a voltmeter (detector). The cavity probe aperture, having width a and height b, is in a small-sized ground plane of a perfect electric conductor with z ¼ 0, and is backed by a conducting rectangular cutoff cavity of depth c. The cutoff cavity dimensions were chosen such that the cross section of cavity a Â b corresponds to the cutoff condition for the waveguide of the same cross section when the cavity is empty. For this reason, it is called a cutoff cavity. A finite flange is attached to the cavity aperture, and always acts as an infinite flange due to the perfect contact (matching) with cracked metal.
In the cutoff cavity, a feed post (#1) of radius r 1 is located at x ¼ t 1 and z ¼ s 1 . The control element jX 1 (acting as a reactance element) is connected to the top of the feed post, and a voltmeter is connected to the bottom (although it can go on top) of the parasitic post (#2) of radius r 2 at x ¼ t 2 and z ¼ s 2 , to obtain the desired forced resonance and to measure the output crack signal of the cutoff cavity probe. Fig. 1 shows the bottom-load setup.
Principle of the forced-resonance microwave method
The detection procedures for surface cracks in metal by using FRMM by the cutoff cavity probe are as follows. (1) Step 1: The cutoff cavity probe aperture with metal (shorting plate, when there is no crack) resonates forcefully in the cutoff cavity Have the cutoff cavity probe resonate forcefully with the metal (shorting plate, short-circuit) by using control element jX 1 connected to the top of the feed post. Fig. 2(a) shows the cutoff cavity probe with the shorting plate. The cutoff cavity probe produces a series forced resonance (the current on parasitic post #2 is maximized) or parallel resonance (the current on parasitic post #2 is minimized) by adjusting control element jX 1 , and the detector output (voltage or current) on the parasitic post #2 is recorded. (2) Step 2: The cutoff cavity probe aperture detects a crack signal when there is a crack The next step is detection of crack signals from scanning for surface cracks in the metal. Fig. 2(b) shows the cutoff cavity probe when there is a surface crack in the metal. The cutoff cavity probe can scan the surface to detect cracks in metal, and the detector output voltage (or current) on the parasitic post #2 is recorded. If a crack is outside the aperture of the cutoff cavity probe, the detector output voltage (or current) cannot be changed from the detector output voltage (or current) for the short-circuit case in Step 1. Its resonant voltage (or current) value is no different than in a short-circuit case. But if the cutoff cavity probe has a crack inside the aperture, then the detector output voltage (or current) can be changed from the short-circuit case in Step 1. Its voltage (or current) value is different than that of the short-circuit case, and the crack signal can be detected as a result.
Formulation of the system
In order to theoretically verify the principle of the FRMM, this paper presents the results from using a voltmeter and series resonance.
Figs. 1 and 2 show the geometry of a crack with width w, length L, and depth d, and a cutoff cavity probe aperture with dimensions a and b, when the crack length L is parallel to the broad dimension of the cavity probe, and T is a dimension indicating the location of the cavity probe aperture.
To derive integral equations, the cutoff cavity probe is divided into two regions, as illustrated in Fig. 2 (b): a cavity probe (region I) and a crack (region II). Voltage V 1 is applied at y ¼ 0, x ¼ t 1 , z ¼ s 1 , and the control element jX 1 is connected at y ¼ b, x ¼ t 1 , and z ¼ s 1 , as shown in Fig. 1 . A measuring voltmeter is also connected to the bottom of parasitic post #2 at y ¼ 0, x ¼ t 2 , and z ¼ s 2 .
If the cutoff cavity probe is fed by a delta gap generator as the voltage source, the simultaneous integral equations for the unknown electric currents J 1 and J 2 on feed post #1 and parasitic post #2, respectively, and the unknown aperture electric field E a in the crack aperture can be written as follows:
ð2Þ Fig. 2 . Principles of the detection method. (a) Cutoff cavity probe aperture with a shorting plate (short-circuit, without a crack), and (b) cutoff cavity probe aperture with a crack (scanning).
where superscripts I and II denote region I and region II, and subscripts 1, 2, and a represent feed post #1, parasitic post #2, and the aperture, respectively. ðÁÞ is the Dirac delta-function, andŷ andẑ are the unit vectors of the y-and z-directions, respectively. dS 0 1;2 and dS 0 a denote elements of the areas on the surfaces of the posts and aperture, respectively. I 2 ð0Þ is the current at the voltmeter loading position, and I 1 ðbÞ is the current at the loading position of control element jX 1 . R 2L is the impedance of the voltmeter.
The cutoff cavity probe with a shorting plate (short-circuit, without a crack) on the probe aperture is shown in Fig. 2(a) for Step 1, and the integral equations (1) to (3) for Step 2 are simply reduced as follows:
In (1)∼ (5), K eeij and K emij are dyadic Green's functions that denote the electric fields yielded from a unit electric and magnetic currents, respectively.
K heaj and K hmaj are dyadic Green's functions that denote the magnetic fields yielded from the unit electric and magnetic currents, respectively.
For steps 1 and 2, to solve the simultaneous integral equations for the unknowns, the electric currents, J 1 and J 2 , and the aperture electric field, E a , are expanded as follows:
where I 1u , I 2v , E xpq , and E ypq are complex expansion coefficients. Substituting the assumed basis functions (6) to (8) into integral equations (1) to (5) for steps 1 and 2 and employing Galerkin's method of moments obtains a set of linear equations for the unknown expansion coefficients [12] . Once the current distributions on the internal posts in Step 1 are given, the forced-resonance characteristics are evaluated for a cutoff cavity probe aperture with metal (shorting plate, without a crack). The current distributions on the internal posts and the aperture electric field distribution on the aperture in Step 2 are given, so the changed forced-resonance characteristics can be evaluated for a cutoff cavity probe with a crack in the metal. The first step is to forcefully resonate the cutoff cavity probe with metal (shorting plate, without a crack) with control element jX 1 , as seen in Fig. 2(a) . In this situation, the integral equations for the cutoff cavity probe with metal are given by (4) and (5), and the cutoff cavity probe can resonate forcefully in series resonance or parallel resonance by adjusting the control element.
The control element is constructed with a short-circuited transmission line with characteristic impedance Z 0 and length h 1 . The expression for the value of the control element as a reactance element, jX 1 ¼ jZ 0 tanðk 0 h 1 Þ, should be put into (4) to obtain the forced resonance of the cutoff cavity probe.
The dimensions of the cutoff cavity probe used in the numeric calculation are:
, and r 1 ¼ r 2 ¼ 1 mm. The detector loading impedance connected to parasitic post #2 is R 2L ¼ 1000 Ω. Fig. 3 shows the forced-resonance characteristics when the cutoff cavity probe resonates forcefully from adjusting the control element. Fig. 3 is the reflection coefficient at the driving position with the cutoff cavity under forced resonance from adjusting control element jX 1 ¼ j5:415 kΩ (h 1 ¼ 4:538 cm). The forcedresonance frequency of 1.642 GHz is most sensitive for series resonance when jX 1 ¼ j5:415 kΩ (h 1 ¼ 4:538 cm), as shown in Fig. 3 . The cutoff cavity probe sensitively generates series resonance at 1.642 GHz by adjusting control element jX 1 ¼ j5:415 kΩ. Fig. 4 shows the load current (also referred to as resonance current) versus the length of the control element at 1.642 GHz. As shown in Fig. 4 , the cutoff cavity probe with a shorting plate is forcefully resonating at load current maxima when h 1 ¼ 4:538 cm (jX 1 ¼ j5:415 kΩ). According to the above-mentioned details, as a first step, 1.642 GHz is selected as the operating frequency for crack detection, and the length of the control element is adjusted to obtain forced resonance of the cutoff cavity probe with a shorting plate (see Fig. 4 ). Then the control element h 1 ¼ 4:538 cm (jX 1 ¼ j5:415 kΩ) is fixed and records load current I 2L ¼ 16 mA in Fig. 3 . Frequency characteristics of the reflection coefficient. Fig. 4 . In this paper, we discuss only series resonance. We do not discuss parallel resonance, because under it, the resonance current becomes very small.
Detection of crack signals: Corresponding to Step 2
In the second step, when the cutoff cavity probe moves over a crack on the metal's surface, as seen in Fig. 2(b) , its resonance current changes, compared to the cutoff cavity aperture connected to the shorting plate when there is no crack, as seen in Fig. 2(a) . The value of the control element as a reactance element, jX 1 ¼ j5:415 kΩ obtained in Step 1, should be put into (1) to determine the change in forced resonance of the cutoff cavity probe when there is a crack. In the numeric calculation, to obtain the convergence results, aperture electric field expansion mode is chosen as P ¼ Q ¼ 3.
As shown in Fig. 2 , the scanning distance T indicates the position of the cutoff cavity probe aperture relative to an arbitrary location on the narrow dimension of the crack. Note that the difference in the resonance current between Step 1 and
Step 2 is referred to as the crack signal. The crack signal refers to the detector current variation as a function of scanning distance T, obtained when the cutoff cavity probe scans a surface crack in metal. A rapid change in the amplitude of the resonance current occurs when the crack moves within the cutoff cavity aperture, whereas the amplitude of the resonance current remains fairly constant when the crack is outside the cutoff cavity probe aperture. Fig. 5 shows the normalized crack signals (with respect to the value of the forced-resonance signal in Step 1) recorded at 1.642 GHz for various rectangular crack widths (w ¼ 4 mm, 1 mm, and 0.01 mm) when the direction of the crack is parallel (crack length L is in the x-direction -an x-directed crack) and orthogonal (crack length L is in the y-direction -a y-directed crack) to the x-direction (the broad dimension of the cutoff cavity). The cutoff cavity probe is linearly scanned parallel to the x-axis for a y-directed crack, and scanned orthogonal to the x-axis for an x-directed crack. As shown in Fig. 5(a) , for an x-directed crack, the detector value does not change very much while the crack is outside the cutoff cavity probe aperture; however, its value is different when the crack is inside the cutoff cavity probe aperture. As a result, the detector output signals for an x-directed crack as a function of T are clearly an indication of the presence of a crack, since the absence of a crack results in a fairly constant signal. However, for a y-directed crack, as shown in Fig. 5(b) , the detector value does not change very much while the crack is inside the cutoff cavity probe aperture. This is because the y-polarized electric field generated by the posts inside the cutoff cavity is parallel to the crack direction (it is a y-directed crack). As expected, when the length of the crack is long compared to the crack width, and the polarization direction of the electric field is parallel to the crack direction, the influence of the crack disappears because a no-propagation mode may exist inside the crack. Therefore, the existence of the crack might not contribute to a change in the resonance current, and a y-directed crack might escape detection as a result. Nevertheless, it is useful to find the direction of the crack by rotating the cutoff cavity probe aperture that detects a crack signal for an x-directed crack. In reality, cracks are not exactly straight, but they have a preferred direction of propagation. As long as the direction of the crack is not orthogonal to the broad dimension of the cutoff cavity probe aperture, crack signals can be still be detected. Maximum perturbation of the resonance currents occurs with an x-directed crack, and then the maximum crack signals are obtained for this geometry. Figs. 5 and 6 show that crack signals for wide, narrow, deep, and shallow cracks are detected at a single operating frequency. The operating frequency of the conventional microwave methods for crack detection depend on the crack's dimensions, but FRMM can be used for crack detection of hairline cracks as well as wide cracks with a single frequency.
To check the validity of this novel FRMM crack detection method, a calculated crack signal was compared with a measured crack signal. The cutoff cavity probe was made with copper, and a coaxial sliding short (Maury, model: 1909C2 at 0.8∼4 GHz) was used as a control element, as shown in Fig. 7 . The dimensions of the cutoff cavity probe used in the experiments are:
(10 mV range) was connected to the parasitic post, and an 1SS99 (NEC) diode to rectify the crack signals was connected to the voltmeter.
According to the above details, as the first step, a frequency of 1.66 GHz was selected as the operating frequency, and the length of a control element was adjusted to obtain forced resonance in the cutoff cavity probe with a shorting plate (without a crack). The forced resonance occurs in the control element at h 1 ¼ 4:4811 cm (jX 1 ¼ j4:238 kΩ). Then, the control element at h 1 ¼ 4:4811 cm (jX 1 ¼ j4:238 kΩ) was fixed and recorded the signal output from the voltmeter. As the second step, the cutoff cavity probe scanned for cracks in the metal. A rapid change in the amplitude of the resonance current occurs when a crack appears inside the cutoff cavity aperture, whereas the amplitude of the resonance current remains fairly constant when a crack is outside the cutoff cavity probe aperture, as shown in Fig. 8 . ) show the calculated and measured crack signals for x-and ydirected cracks. The measured crack signal was normalized with respect to its forced-resonance value in the cutoff cavity probe aperture with the shorting plate (when a crack is outside the cutoff cavity aperture). The agreement between the calculated and measured crack signals is very good. The slight deviations may be due to construction errors from assembling the cutoff cavity probe and from the differences between ideal conditions assumed in the theoretical model and the lossfree coupling structure, the thin-wire approximation of the posts, or perfect contact between the probe aperture flange and the cracked metal, none of which are ideally satisfied in a real experiment setup.
Conclusion
Evaluation of a forced-resonance microwave method formed by a cutoff cavity was demonstrated. The detection of a crack in metal can be carried out with the nondestructive forced-resonance microwave method. The crack signal characteristics of the forced-resonance microwave method were evaluated theoretically and compared with measured results obtained by loading a crack in metal. Galerkin's method of moments was employed to express the resonance current for the cutoff cavity probe from a control element under forced resonance. Since the forced resonance of a cutoff cavity can be achieved with a control element, this method has the potential to provide sensitive detection of cracks in metal. Filled and covered surface crack detection remains for future work.
